ABSTRACT. Phalaenopsis orchids have been regenerated by inducing protocorm-like bodies (PLBs) from etiolated leaf sections. However, the physiological and molecular mechanisms of secondary PLB development and subsequent proliferation have not been explored. Bisectionally cutting primary PLBs resulted in more secondary PLBs at 5 weeks, suggesting an embryogenic stem cell property imposed by wounding of primary PLB tissues. The ethylene precursors ethephon and 1-aminocyclopropanecarboxylic acid and the ethylene perception inhibitor silver nitrate increased PLB formation, while aminoethoxyvinylglycine decreased PLB formation. Ethylene content in wounded PLB explants increased over culture time in media containing ethylene precursors or inhibitors. mRNA levels of PhACS2, PhACS3, and PhACO were increased by ethephon and decreased by ethylene inhibitors. Expression of genes in the ethylene signaling pathway was enhanced following ethylene-precursor treatment and was mitigated by ethylene inhibitors during PLB proliferation. Transcription of PhETR and PhEIN3, as well as PhERS, PhCTR, and PhGTP, was significantly increased 12 h after ethylene treatment. Ethylene and physical wounding stimulated secondary PLB formation in Phalaenopsis, probably through ethylene biosynthesis and signal transduction.
INTRODUCTION
Potted plants of Phalaenopsis, including cultivars of Phalaenopsis and Doritaenopsis, its intergeneric hybrid with Doritis, are among the orchids showing the highest demand in global markets because of their showy and long-lasting flowers. To meet the demand for a large supply of young plants, an efficient micropropagation system is required. Several tissues have been used for in vitro culture, including flower-stalk nodes and internodes (Lin et al., 2000) , cut ends of stems (Chen and Chang, 2000) , protocorm-like body (PLB) sections (Young et al., 2000) , leaves (Park et al., 2002) , and shoot tips (Tokuhara and Mii, 2001) . Amaki and Higuchi (1989) reported that long-term culture of segments from the basal part of PLBs produced a large number of secondary PLBs. However, the spectrum of PLB proliferation and the mode of their formation in repeated subcultures has not been investigated (Amaki and Higuchi, 1989) . Induction of PLBs from leaf sections by direct somatic embryogenesis has been described for Phalaenopsis (Young et al., 2000; Park et al., 2002; Hsu and Chen, 2003) . PLBs are also reported to be equivalent to somatic embryos in other plants (Chen and Chang, 2000) . In addition, indirect somatic embryogenesis of orchids was achieved through callus induction. A callus with high-regeneration capacity and embryogenic potential for PLB regeneration was achieved using leaf segments (Park et al., 2002) , seed-derived protocorms (Lin et al., 2000) , and shoot tips (Tokuhara and Mii, 2001) . However, genetic variation during regeneration may be based on ploidy levels in individual cells of callus tissues as well as unbalanced growth regulators in the culture medium; thus, somaclonal variation may be a concern when using these explants for PLB regeneration (Martelli et al., 1993) .
Growth regulators, particularly auxins, cytokinins, abscisic acid, and ethylene, control in vitro morphogenetic responses in a wide range of plant species (Biondi et al., 1998) . Ethylene has both positive and negative effects on callus growth, shoot and root production, and embryogenesis depending on the plant species and physiological state. A high level of endogenous ethylene was detected during callus induction and in developing somatic embryos of Medicago sativa L. (Kępczyńska et al., 2009) . The effect of ethylene on in vitro cultures can be examined by adding precursors or inhibitors of ethylene biosynthesis or perception. Addition of the ethylene stimulator methylglyoxal bis (guanylhydrazone) or an ethylene precursor, 1-aminocyclopropanecarboxylic acid (ACC), induced somatic embryogenesis in Medicago truncatula (Mantiri et al., 2008) and Oncidium (Chen and Chang, 2003) . However, ACC suppressed somatic embryogenesis in mango nucellar explants (Litz and Yurgalevitch, 1997) .
Early exposure of dark-treated cotyledon explants of Arabidopsis to ethylene stimulated shoot regeneration (Nameth et al., 2013) . Sliver nitrate can inhibit ethylene perception and aminoethoxyvinylglycine (AVG) inhibits ethylene biosynthesis. Silver nitrate (AgNO 3 ) enhanced somatic embryo formation from a callus in Coffea canephora (Kumar et al., 2007) , and AVG stimulated somatic embryogenesis in white spruce (Kong and Yeung, 1994) . Silver ions decreased the mean number of embryos/plantlets in a Datura metel anther culture (Babbar and Gupta, 1986) and AVG reduced embryogenesis in a carrot suspension culture (Nissen 1994) . Shoot induction in transgenic plants overexpressing the KNAT2 homeodomain protein was enhanced by cytokinin and inhibited by ethylene (Hamant et al., 2002) .
1-Aminocyclopropane-carboxylic acid synthetase (ACS) and ACC oxidase (ACO), enzymes responsible for ethylene biosynthesis, have been studied during bud regeneration. Expression of antisense ACO and ACS inhibited ethylene production in transgenic melon and tobacco enhanced shoot regeneration (Ma et al., 2006) . However, ACS and ACO expression levels were greater in embryogenic tissue and somatic embryos than in a non-embryogenic callus in M. truncatula, and the genes were expressed at an early growth stage as well as throughout the culture period (Mantiri et al., 2008) . ACS members showed differential upregulation during the proliferation and maturation of somatic embryos from a callus of Pinus sylvestris (Lu et al., 2011) . Timing of chemical treatment was critical for ethylene production and proper application of ethylene inhibitors or precursors at an appropriate physiological stage of barley and M. sativa L. explants affected the regeneration capability (Tyagi and Dahleen, 2011) .
Physiological and molecular changes during Phalaenopsis PLB formation and proliferation have not been explored. Therefore, we examined how ethylene affects the formation of secondary PLBs from primary PLBs induced in wounded leaf explants of Phalaenopsis and the activity of regulatory components in ethylene biosynthesis and signal pathways during PLB regeneration.
MATERIAL AND METHODS

Plant material and preparation of explants
The flower stalk nodes of Phalaenopsis Tropican Lady were used as explants for in vitro culture to induce shoot formation and were subcultured in the dark for 4 months to obtain etiolated shoots as described in our previous study (Hsu and Chen, 2003) . Newly developed young etiolated leaves from shoots were cut into 5 x 10-mm segments and cultured on modified MS medium, which includes 1/4-strength macro-elements and full-strength micro-elements, glycine, and vitamins of the MS medium (Murashige and Skoog, 1962) supplemented with 0.5 mg/L thidiazuron (TDZ), 7 g/L agar (Sigma-Aldrich, St. Louis, MO, USA), and 30 g/L sucrose (Hsu and Chen, 2003) . Explants were incubated in the dark at 25° ± 2°C. Primary PLBs developed on leaf sections after 4 months were used as explants for PLB proliferation experiments.
Physical wounding, PLB proliferation and plantlet conversion
Primary PLBs induced from leaf segments were excised and left whole or cut using a surgical blade into intact whole PLBs, bisectioned PLBs, trisectioned PLBs, or longitudinally sectioned PLBs ( Figure 1A-H) . To determine whether the orientation of the cut explant affects regeneration, the cut surface or the unwounded side was placed in direct contact with the me-dium. A total of 8 treatments were used. The induction medium consisted of 3 g/L Hyponex fertilizer (7N-6P 2 O 5 -19K 2 O), 1 g/L Bacto-tryptone, 50 g/L potato homogenate, 50 g/L banana homogenate, 30 g/L sucrose, 2 g/L activated charcoal, and 7.5 g/L agar (Sigma-Aldrich). The medium was adjusted to pH 5.6 before autoclaving for 20 min at 121°C and 1.21 kg/cm 2 and 25 mL was poured on a plastic Petri dish for solidification at ambient temperature. A total of 25 explants were cultured on each Petri dish as a replicate, with 4 replications for each cutting treatment. Cultures were maintained at 25 ± 2°C under a 12-h photoperiod with 23.2 mmol m -2 s -1 supplied by cool-white fluorescent lamps (Philips, TLD36W/54 NS). The regeneration of secondary PLBs was observed once per week for 5 weeks.
To encourage the conversion of PLBs to plantlets, regenerated secondary PLBs were cultured for 4 months in 500-mL flasks containing regeneration medium of 2 g/L Hyponex (7N-6P 2 O 5 -19K 2 O), 1 g/L Bacto-tryptone, 50 g/L potato homogenate, 80 g/L banana homogenate, 20 g/L sucrose, 2 g/L activated charcoal, and 7.5 g/L agar. The flasks were plugged with rubber and a hole that had been drilled in the center of the stopper was plugged with cotton. Light and temperature conditions were as previously described. For acclimatization, rooted plantlets were transferred to 6-cm transparent plastic pots containing wet sphagnum moss, maintained at approximately 80% relative humidity in a greenhouse, and fertilized once biweekly with Peters 20N-20P 2 O 5 -20K 2 O water-soluble fertilizer that had been diluted 2000-fold.
Effect of ethylene precursors and inhibitors on secondary PLB proliferation
The basal half of a primary PLB, after removing the bisectioned apical top, was used as an explant. ACC, AVG, AgNO 3 , and ethephon at 0, 25, 50, and 100 mM, respectively, were added to the induction medium. All chemicals were dissolved in sterile water, passed through a 0.22-mm Nalgene syringe filter, and added to the cooled medium after autoclaving. Ten explants were cultured on each Petri dish as a replicate with 4 replicates for each treatment. Cultures were maintained at 25°C with a 12-h/12-h light/dark photoperiod and light intensity 23.2 mmol m -2 s -1 supplied by cool-white fluorescent lamps (Philips, TLD36W/54 NS).
Statistical analysis
Data were analyzed by analysis of variance and differences were compared by the Duncan multiple range test using SAS v8.02 (SAS Institute, Cary, NC, USA).
Gas chromatography of ethylene levels
On the basis of preliminary experiments, 100 mM ethylene precursors and inhibitors were used because of their effects on ethylene production in proliferating PLBs in culture flasks. For each treatment, 30 explants of the basal half of PLBs were transferred to 125-mL flasks containing 30 mL regeneration medium as described. The flasks were plugged with a rubber stopper with a hole drilled in the center, which was plugged with cotton, and the flasks were incubated at 25° ± 2°C under a 12-h/12-h light/dark period and light intensity of 23.2 mmol m -2 s -1
. Samples of 1 mL gas were withdrawn from each flask and injected into a gas chromatograph (GC-8000 TOP ; CE Instruments, Westhoughton, UK) for ethylene measurement at different times during culture (0, 1, 2, 3, 4, and 5 weeks). The gas chromatograph was equipped with a flame ionization detector and Supelco column (CARBOXEN-1000, 5FT x 1/8IN, Sigma-Aldrich) with nitrogen as the carrier gas at a flow rate of 30 mL/min. The temperature was set to 160°C for the column and 220°C for the injector for flame ionization detection (GC-8000 TOP ). Three replicate samples per treatment were used for ethylene measurement and the experiment was repeated once. Standard ethylene gas adjusted to various concentrations was measured. A calibration curve was constructed to determine ethylene content in gas samples by interpolation.
RNA extraction, reverse transcription (RT)-PCR, and Southern hybridization
Total RNA was extracted from regenerated PLBs as described previously (Chang et al., 1993) , with some modifications. Briefly, PLBs were frozen in liquid nitrogen and homogenized with preheated extraction buffer (2% CTAB, 100 mM Tris-HCl, pH 8.0, 20 mM EDTA, 1.4 M NaCl, 2% polyvinylpyrrolidone, adding 2% b-mercaptoethanol before extraction). After an equal volume of chloroform:isoamyl alcohol (49:1) was added, the extract was incubated at 65°C for 30 min and centrifuged at 13,362 g at 4°C for 15 min. RNA was precipitated overnight at -80°C with 0.3X volumes of 8 M LiCl. RNA was precipitated with 2.5X volumes of 100% ethanol at -80°C for 30 min and then air-dried in ambient temperature. The RNA pellet was resuspended in DEPC-treated sterile water and aliquots were separated on a 1.2% agarose gel in 0.8X TE buffer to examine quality.
First-strand cDNA was synthesized from 2 mL total RNA by adding cDNA Synthesis Oligo (dT) [12] [13] [14] [15] [16] [17] [18] Primer (10 mM; Invitrogen, Carlsbad, CA, USA) and dNTP mix (10 mM) and reverse transcribed using the SuperScript First-Strand Synthesis System (Invitrogen).
Gene-specific primers were designed based on highly conserved regions for each gene and used for PCR amplification of the following specific DNA fragments: PhACS2 (AF004663 and AF007213), PhACS3 (AF007214), PhACO (AF004662), constitutive triple response 2 (PhCTR2; LOPX03N-45-2; Chen et al., 2005) , ethylene receptor (PhETR; AF055894, AF276235, and AY746972), ethylene response sensor (PhERS; AJ563284 and AF113541), ethylene-insensitive 3 (PhEIN3; AJ316086); PATC149849 (PhGTP) and PhACTIN ( Table S1 ). The PCR conditions included 28 cycles of 95, 50-52, and 72°C, all for 30 s, in a thermocycler (GeneAmp PCR System 2720; Applied Biosystems, Foster City, CA, USA). PCR products were separated on a 1.2% agarose gel.
To better determine the transcript level of some weakly expressed genes, we used Southern hybridization of PCR-amplified products with gene-specific probes. The amplified DNA in gel was soaked in 0.4 N NaOH for 30 min and then transferred to GeneScreen Plus membrane (Perkin Elmer, Waltham, MA, USA). Membranes were washed, cross-linked with UV light, and air-dried. Each membrane was pre-hybridized at 55°C for 1 h in a solution containing 5X SSC, 0.1% blocking reagent, 0.1% N-lauroylsarcosine, and 0.02% SDS and allowed to hybridize with specific probes for 8-16 h at 55°C. After hybridization, membranes were washed once in 2X SSC, 0.1% SDS at room temperature for 10 min and twice in 0.5X SSC, 0.1% SDS at 65°C for 15 min. The membranes were subjected to a chemiluminescent reaction with colorsubstrate (NTB/BCIP stock solution, 100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2 , pH 9.5) using the DIG DNA Labeling and Detection Kit (Roche, Mannheim, Germany).
RESULTS
Physical wounding stimulated secondary PLB proliferation
Primary PLBs were cut in different directions, plated with induction medium and incubated under light. Uncut, intact PLBs produced only minimal secondary PLBs, with a mean of 5.6 PLBs per explant (Table 1 and Figure 2A , A1), and no PLB formation was observed from the apical area of sectioned explants that typically develops into single plantlets with leaves and roots after 5 weeks ( Figure 2B, C) . In the first week, the apical meristem evolved at the tip soon after cutting a PLB and leaves, followed by roots, emerged after 5 weeks ( Figure 2B1 , C1). However, basal parts of sectioned explants produced more secondary PLBs ( Figure 2D , E, F). Significantly, during first subculture, 21-22 PLBs were produced from bisected (96%) and trisected (88%) explants. Because the basal part of a PLB lacks an apical meristem, granulelike structures consisting of cell clumps from wounded PLBs protruded by 2 weeks, and many secondary PLBs developed from epidermal layers proximal to the wound site ( Figure 2D1, E1,  F1 ). For longitudinally sectioned explants ( Figure 2G, H) , 83-91% responded and produced 19-31 secondary PLBs per explant. To examine whether secondary PLB proliferation was reproducible, PLBs were recut after full development at 5 weeks and subcultured at 5-week intervals, 4 times (Table 1) . For each subculture, sectioned PLBs could regenerate more secondary PLBs, and the multiplication rate during the 4 subcultures was consistent at 15-19 PLBs (Table 1) . The cytoplasm-rich epidermal cells of PLB explants began to divide at 2 weeks after beginning culture ( Figure 3A) . Many dividing cells formed small growth centers protruding above the surface of epidermal cell layers, with continual division within these protuberances into PLBs after 4 weeks ( Figure 3B ). Upon transfer of fully developed secondary PLBs to regeneration medium, they developed into plantlets by 4 to 6 weeks without extra growth regulators, and after 10 more weeks, were ready for transplanting to 6-cm pots containing sphagnum moss and grown in a greenhouse (Figure 4A-D) . After one more transplanting into 9-cm pots and wrapping with more sphagnum moss and growth for 8 months, these clonal plants were successfully induced to spike in a cool room of day/night temperature 26°/20°C in approximately 4 weeks, and the first flower opened about 4 months later. The flowers and inflorescence all appeared normal, suggesting that the micropropagation procedure could be used for routine clonal propagule production. To simplify the physical wounding and culture operation, we used the basal parts from bisectioned PLBs for subsequent ethylene and inhibitor treatments. 
Effect of ethylene precursors and inhibitors on proliferation of PLBs
The regeneration efficiency of secondary PLBs from sectioned primary PLBs depended on the type and concentration of ethylene precursors or inhibitors in the medium. Approximately 64% of explants produced secondary PLBs in control medium without ethylene precursors or inhibitors. Ethylene precursors ACC and ethephon increased the regeneration Data represent the mean of 4 replications. Means followed by the same letter in each column are not significantly different by the Duncan multiple range test (P < 0.001) A = excised whole intact PLBs; B = apical part of bisectioned PLBs; C = apical part of trisectioned PLBs; D = basal part of bisectioned PLBs; E = middle part of trisectioned PLBs; F = basal part of trisectioned PLBs; G = cut edge of longitudinally sectioned PLBs facing down on the medium; H = cut edge of longitudinally sectioned PLBs facing up on the medium. percentage, and the regeneration was slightly lower with AVG at high concentrations (50-100 mM) than with ACC and ethephon; AgNO 3 showed a variable effect but in general higher effect than control treatment (Table 2 ). Ethephon at 100 mM increased secondary PLB formation. Thus, ethylene promoted PLB regeneration. Data represent the mean of 4 replications, and means followed by the same letter in each column are not significantly different by the Duncan multiple range test. ns ,*,**,***Non-significant, P < 0.05, P < 0.01, and P < 0.001, respectively (factorial experiment in complete randomized design arrangement). ACC = 1-aminocyclopropanecarboxylic acid; AVG = aminoethoxyvinylglycine; AgNO 3 = sliver nitrate; ethephon = 2-chloroethylphosphonic acid. 
Effect of ethylene precursors and inhibitors on ethylene production
In a preliminary experiment, 100 mM ACC, AVG, AgNO 3 , and ethylene were tested for their effect on endogenous ethylene production. Ethylene was produced at the basal level in control explants grown on hormone-free media. AVG, ACC, and AgNO 3 initially slightly increased ethylene level at week 1, which decreased to the basal level and slightly peaked at 4 weeks ( Figure 5 ). Ethephon induced higher ethylene production, which peaked at weeks 1 and 4. The increased ethylene production in PLB explants appeared to be associated with the formation of secondary PLBs at week 4 ( Figure 5 and Table 2 ).
Effect of ethylene on gene expression
To investigate the effect of wounding on the expression of ethylene biosynthetic and signaling genes, PLBs were bisected and, with uncut intact PLBs as a control, were cultured for 6, 12, 24, 48, and 72 h in induction medium. The mRNA levels of PhACS2 and PhACS3 were increased after wounding, and the level of PhACO was increased and maintained for a longer period of time than with the control treatment ( Figure 6A, B) . A similar pattern was observed for genes related to signal transduction, including receptors (PhETR, PhERS, and PhCTR2), a positive regulator (PhEIN3), and a transient upregulator (PhGTP). The levels of PhETR, PhERS, PhCTR2, and PhEIN3 were higher in wounded than non-wounded PLBs.
To examine whether genes in the ethylene pathway are affected in wounded and developing PLBs treated with ethylene precursors and inhibitors, we examined the expression of ethylene biosynthesis and signaling genes. PhACO level was increased in wounded PLBs with both ACC and ethephon at 6 h ( Figure 7A, B) . AVG and AgNO 3 inhibited the mRNA level of PhACS3 compared with control treatment after 6 h, while the level of PhACO was decreased only at 6 h and subsequently regained the control expression. ACC treatment was more effective than ethephon at stimulating the mRNA accumulation of PhASC2, PhASC3, and PhACO. Table 2 .
The expression of PhETR and PhERS was increased following ethylene treatment and decreased with ethylene inhibition (Figure 8A, B) . The mRNA level of PhETR was increased following treatment with ACC and ethephon at 6 h, but inhibited with AVG and AgNO 3 at 48 h. Expression of PhERS was higher with ethylene than with the control treatment. AVG and AgNO 3 mitigated the accumulation of PhERS, which was significantly decreased with AVG beginning at 6 h. The expression pattern of PhCTR2 was similar to that of the ethylene receptors (PhETR and PhERS) with ethylene and inhibitor treatments between 12 and 48 h. The expression pattern of PhEIN3 was similar to that of ethylene receptors, with ethephon more effectively enhancing the transcription than ACC. In addition, AVG decreased the level of PhEIN3 at 48 h and AgNO 3 reduced the level at 72 h. A similar pattern was observed for PhGTP with the ethylene precursor and inhibition. Table 2 .
DISCUSSION
In this study, we developed a Phalaenopsis orchid model that was used to investigate the effect of physical wounding on the induction of embryonic stem cells in primary PLBs, which subsequently developed into PLBs. Few secondary PLBs were produced on whole PLB explants with only limited wounding. The capacity of PLB explants to induce more secondary PLBs appeared to depend on physically cutting and removing the apical area, which developed later into only one plantlet. PLB segments from the basal area formed a similar number of secondary PLBs with bisecting or trisecting tissue, although trisecting generally produced fewer PLBs than did bisecting ( Table 1 ). The slightly lower formation with trisectioned PLBs was probably due to smaller explant size and the susceptibility to browning and reduced survival in culture medium, perhaps because of the wounding response and ethylene level. The multiplication rate of 15-19 PLBs per explant could be maintained for at least 4 subcultures. Therefore, a large number of PLBs could be obtained within a short time (5 weeks) after subculture and by repeating the wounding and plating process.
PLBs induced from leaf segments have been described for micropropagation of many orchids. Amaki and Higuchi (1989) reported that segments from the basal parts of PLBs can produce PLBs in Doritaenopsis in one long-term culture. Other reports revealed that PLB explants are useful for inducing callus and subsequent regeneration of PLBs in Phalaenopsis (Young et al., 2000) , Dendrobium (Nayak et al., 2002) , and Cymbidium (Nayak et al., 2002) . These studies typically used a higher concentration of growth regulators, auxin, and cytokinin, than was used in our study, which may produce somaclonal variation. Our study used low cytokinin levels for the initial induction of PLBs from etiolated leaf segments. Subsequent PLB proliferation in hormone-free medium resulted in normal morphologic features at flowering. This wound-and-culture procedure may be an effective commercial technology for micropropagation of Phalaenopsis orchids.
Ethylene is involved in somatic embryogenesis of many plants. Chen and Chang (2003) reported the promotion of an embryogenic response in leaf tips and adaxial sides of Oncidium cultured on medium supplemented with a high concentration of ACC (50 mM). Otherwise, ethylene has an inhibitory effect; addition of ACC to medium reduced numbers of somatic embryos in safflower (Mandal et al., 2001 ) and mango (Litz and Yurgalevitch, 1997) . Using transgenic M. truncatula, Mantiri et al. (2008) found the early induction of expression of ethylene biosynthesis genes ACS and ACO, which continued throughout the culture period in embryogenic callus. However, leaf and cotyledon explants of Cucumis melo from transgenic plants carrying anti-sense ACO and exhibiting low ACC oxidase activity and low ethylene production showed greatly enhanced shoot regeneration capacity; inhibition of ethylene production allowed for shoot regeneration (Amor et al., 1998) .
Our study of ethephon, as well as of ACC, revealed an association between enhanced formation and multiplication of PLBs as compared with hormone-free treatment. A high level of AVG suppressed ethylene biosynthesis, and thus PLB formation (Table 2 and Figures 5  and 7) , indicating a role of ethylene in PLB formation of Phalaenopsis. Auxin has long been thought to play a crucial role in inducing somatic embryogenesis (Duditis et al., 1991) . Extensive cross-talk exists between ethylene and auxin during synthesis and signaling. Auxin induces ethylene biosynthesis by upregulating ACC synthase (Sakai and Imaseki, 1971) , and ethylene stimulates auxin biosynthesis (Ivanchenko et al., 2008) . Strader et al. (2009) indicated that Ag + -enhanced indole acetic acid efflux is independent of its effect on ethylene per-ception and that caution is warranted when interpreting studies that used AgNO 3 to dissect the extensive interactions between ethylene and auxin pathways. Although ethylene action was thought to be inhibited by AgNO 3 , this compound may disturb the cuticle layer, and thus enhance cell proliferation. Therefore, the percentage of embryogenic explants increased significantly with AgNO 3 , to increase the number of PLBs. In our study, the apical (dorsal) area of PLBs generally regenerated into a plantlet, and the basal parts formed more secondary PLBs, thus endogenous auxin redistribution after wounding may play a role in establishing new growth centers of PLBs.
Ethylene may be essential for PLB formation and its effects on secondary PLB formation at low concentration. In our study, ethylene level in PLBs was significantly greater with wounding, with maximal ethylene biosynthesis and PLB maturation at 4 weeks of culture. The ethylene biosynthetic genes ACS and ACO are both induced by wounding (Barry et al., 1996) . We showed increased PhACS and PhACO levels in PLB explants that were cut and cultured on hormone-free medium ( Figure 6 ). The above argument is supported by ethylene affecting PLB proliferation and having a positive impact on the promotion of PLB formation.
Although ethylene-regulated somatic embryogenesis has been demonstrated in many plants such as Coffea canephora (Kumar et al., 2007) , Oncidium (Chen and Chang, 2003) , M. truncatula (Mantiri et al., 2008) , and safflower (Mandal et al., 2001) , little is known regarding ethylene-related gene regulation during PLB formation of Phalaenopsis. Our study revealed upregulated transcription of ethylene biosynthesis and response genes (Figures 6 and 7) , which agrees with PLB induction by ethylene precursors, ACC and ethephon (Table 2 ). Expression of ACC synthesis genes, PhACS2 and PhACS3, was stimulated by ethylene and continued to accumulate after 12 h. ACS activity is inhibited by AVG (Baker et al., 1977) . After exposing wounded PLBs to AVG for 24 h, the expression of ethylene biosynthesis genes decreased (Figure 7) and AVG showed decreased PLB induction (Table 2) . Silver ions, which are known to be an effective inhibitor of ethylene responses, act at the receptor level. Ag + bound to the ethylene receptor affected downstream gene expression (PhCTR2 and PhEIN3) (Figure 8 ). GTP is a specific gene responding to wounding in Arabidopsis (Cheong et al., 2002) . In our wounded Phalaenopsis PLB explants, PhGTP expression was increased at 12 h with AgNO 3 (Figure 8 ).
Ethylene perception is required by the membrane-associated receptor gene family (ETR and ERS), which was further enhanced by ethylene in Arabidopsis (Hua and Meyerowitz, 1998) and rose (Ma et al., 2006) . In our study, PhETR and PhERS levels were increased following ethylene treatment (ACC and ethephon) and lowered following AgNO 3 treatment. The expression of CTR1, an ethylene receptor-signaling complex with ethylene receptor ETR1, and AtCTR1 was not affected by ethylene in Arabidopsis (Gao et al., 2003) . However, CTR1 was previously found to be regulated by ethylene and its level increased during flower opening and fruit ripening in rose (RhCTR1 and RhCTR2) and tomato (LeCTR1) (Leclercq et al., 2002) . Therefore, expression of PhCTR2 may be induced by ethylene (Figure 8 ). EIN3 acts downstream of the histidine kinase ethylene receptor, ETR1, and the Raf-like kinase, CTR1, and is a positive regulator in the ethylene signaling pathway (Kendrick and Chang, 2008) . The Arabidopsis ein3 mutant shows a loss of ethylene-mediated effects, including gene expression, the triple response, cell growth inhibition, and accelerated senescence (Chao et al., 1997) . LeEILs (EIN3-like) are functionally redundant and positive regulators of multiple ethylene responses that are present throughout plant development (Tieman et al., 2001) . In this study, PhEIN3 expression was upregulated with ethylene treatment and decreased with ethylene inhibitors (Figure 8) , so EIN3 plays an important role in the ethylene response. Expression patterns of these genes provide new information regarding the interactions between ethylene and other signals and may indicate that feedback regulation occurs for the ethylene signaling pathway in PLB formation.
Our study demonstrated that wounded PLBs stimulate ethylene biosynthesis and corresponding gene expression, for stimulation of cell division in epidermal layers and formation of secondary PLBs. Phalaenopsis PLB tissues may be a source of embryogenic stem cells after physical wounding for forming PLBs with culture in the regeneration medium used.
